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CONTEXT

This is the final report on Grant FA9550-16-1-0072 untitled “Solar Flare Emission from
GH:z to THz Frequencies”.

This report describes the main achievements as well as the scientific production in the
form of published papers, invited reviews, and participation in national and international
congresses.

We also remember the loss of Prof. Pierre Kaufmann in 2017, Feb. 17 at the initial stage
of the project, former Principal Investigator of this AFOSR Grant.

REPORT

Initial Problem

The main problem to investigate in this project is to provide the observational diagnostic
and perform the interpretation of solar explosive emission in a large frequency bandwidth
from microwaves to 30 THz (10 microns, MIR). Over this ~ 5 decades frequency band,
the spectral shape of solar flare emission is crucial to discuss the responsible processes as
well as to provide constraints on the acceleration mechanism of particles like electrons
and protons up to hundreds of Mev and few GeV, respectively.

In addition to the well-known microwave flare spectrum between few GHz and
frequencies < 100 GHz, which is attributed to synchrotron radiation from middy-to-ultra-
relativistic electrons, a new spectral component with flux densities increasing with
frequency was discovered (Kaufmann et al., 2004).

The interpretation of this new component is not an easy task. It may represent the optically
thick part of a new synchrotron spectrum peaking somewhere in the IR wavelength range
from ultra-compact emitting sources to insure self-absorption of the emission below 100
GHz. An alternative was proposed by Kaufmann & Raulin (2006) where the emission at
high frequencies results from incoherent synchrotron emission (ISR) from electron
beams. In this approach, and depending on the physical properties of the particle beams,
a microbunching instability can develop and produces coherent synchrotron radiation
(CSR) at microwaves. The attractiveness of this scenario is that the extremely bright CSR
is the product of a small fraction of particles within the initial beam. Therefore, such
interpretation which provides naturally the presence of a double spectrum could bring
important clues to solve the “electron number problem” which is often observed in
microwaves during large solar flares. Some of the solar events showing increasing flux
densities with frequency above 100 GHz, did also produce a hardening of the hard X-ray
spectra above about 70 MeV. This is an early indication that the radio emission at high
frequencies could include the synchrotron emission from positrons (Trottet et al., 2008).
Indeed, during nuclear processes at work in solar flares, pions (n) can be produced.
Neutral n° decay in 2 photons at ~ 70 MeV which produces the X-ray hardening, while
charged " and =~ decay to form electrons and positrons. These secondary particles will
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radiate synchrotron fluxes which can add to that emission from primary electrons. More
recently, and using new diagnostics in the IR wavelength range, the submillimeter flare
emission was proposed to be the result of the chromospheric plasma response to the
precipitation of energetic particles (Kaufmann et al., 2013; Trottet et al., 2015).

To bring new clues to the still open questions listed above, a detailed description of the
solar flare spectra is needed within the GHz-to-THz frequency range. For this the
CRAAM operates a 7 GHz solar polarimeter installed at the CRAAM center in So Paulo,
UPM. Since 2012, CRAAM is also operating 45 and 90 GHz solar polarimeters to
complement the flare spectra between microwaves and submillimeter waves. The Solar
Submillimeter Telescope (SST) is providing continuous solar observations at 212 and 405
GHz, since 2000. More recently, 30 THz (10 microns) observations simultaneously
obtained with H-a records are available in Brazil (at CRAAM center) and in Argentina
(at OAFA observatory). In 2016, CRAAM flew the SOLAR-T module onboard a
stratospheric balloon along with GRIPS experiment. SOLAR-T operated at 3 and 7 THz
and brought very good results on the quiescent and transient solar emission at these two
frequencies.

All the models discussed above assume flux densities radiated by the solar sources, free
of any attenuation in the Earth atmosphere. This means that a special effort is also needed
to understand the processes of absorption of very high frequency waves to estimate
correct attenuation factors and provide reliable flux density values.

Conditions of observations at submillimeter wavelengths

Solar flare spectra can provide important information about the physical processes
involved during flares, radiation mechanisms and to constraint mechanism of acceleration
of particles. Observations at mm and submm wavelengths depend critically on
atmospheric transparency, which becomes one important source of imprecision in the
determination of brightness temperatures and fluxes at such frequencies. In turn, the
atmospheric transmission is affected mainly by water vapor absorption.

For these reasons, an important effort was made in this project to study the atmospheric
transparency.

Three methods were used. The chosen method, the “solar brightness” method (Melo et
al., 2005), depends on the product P, of an efficiency term, m, and the brightness
temperature of the Sun, Ts

Even though these parameters are not known with precision, their product P should be
constant. Therefore, a mean value for P was determined for each beam of the SST during
a 6 years period, only for transparent days with opacity determined by the “tipping”
method. Once know the mean P, the atmospheric transmission was recalculated using the
“solar brightness” method.

The 3 main results obtained, and summarized below were related to: (i) relation between
1212 and 7405 ; (i) relation between submillimeter opacity and Precipitable Water VVapor
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(PWV) ; (iii) PWV scale height. A detailed description of these results ae available in the
two first progress reports.

Relation between 1212 and taos.

We find that a clear seasonal variation with mean values for opacity of 0.31 + 0.06 and
2.2 + 0.4 at 212 and 405 GHz, respectively, for the summer months and 0.16 + 0.01 and
1.2 + 0.13, respectively, for the winter months.

We also evidence a good correlation between the simultancous measures of t212 and taos
for the CASLEO site as illustrated in Figure 1. Opacities at 405 GHz are 7 times greater
than the opacities at 212 GHz. Therefore, this relation allows to estimate the opacity at
405 GHz, even when the sky is opaque at this frequency.

6 T T T T T T T

|l Solar brightness method (1975 measurements) |

Tws = 0.07 + 774,

Opacity at 405 GHz [Nepers]
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Opacity at 212 GHz [Nepers]

Figure 1: Correlation between 212 and T405 from the brightness method. The red line shows the best fit to
the observed points.

Relation with Precipitable Water Vapor (PWV) measurements:

In the analysis of the correlation between PWV and 212 GHz atmospheric optical depth
at El Leoncito, a dataset obtained simultaneously by SST and AERONET CASLEO
station was used. The SST 212 GHz optical depths (t212) were derived as explained in the
previous section. PWV Level 2.0 data, the highest data quality level provided by
AERONET (Smirnov et al., 2000) were downloaded directly from the AERONET
website. Radio and PWV measurements were obtained by less than 10 minutes apart,
during clear sky conditions.

The correlation plot between the PWV and the optical depth t212, for the whole period of
2011-2013, is shown in Figure 2a. A very significant correlation was found by a linear
fit, with a correlation coefficient of 0.98, that can be expressed as

PWV = (14.3 + 0.2) T,, + (0.07 + 0.06)
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with PWV given in mm, and t212 in Nepers.

The data were also analyzed year by year and similar correlations were found. The values
of the parameters obtained by linear fits are presented in Fig. 2b-d. The slope values of
all fits, by considering the errors, are in the range of 13.5-14.9 mm/Np.

20.0

tay 2011-2013

linear fit

intercept: (0.07 + 0.06) mm
correlation coefficient: 0.98

slope: (14.3+0.2) mm/Np |

linear fit
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Figure 2. Precipitable water vapor and 212 GHz atmospheric optical depth correlation, at El Leoncito, for
the whole period 2011-2013 (a) and for the years 2011 (b), 2012 (c), and 2013 (d). The values of the
parameters obtained by linear fit are presented in each case (a)-(d).

Figure 3 shows the correlation plot between the PWV and the atmospheric optical depth
T405. The very significant correlation, found by a linear fit, with a correlation coefficient
of 0.99, can be expressed as

PWV = (2.09 + 0.03) T,9s + (—0.11 + 0.03)

with PWV in mm and 1405 in Nepers.
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Figure 3. Precipitable water vapor and 405 GHz atmospheric optical depth correlation, at El Leoncito.
The values of the parameters obtained by linear fit are presented in the plot.
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SST data are available since 2002, which in principle allows the retrieval of optical depth
values at 212 GHz from this epoch, using the above correlation. Such long-term PWV
deduced time series can be a potentially valuable climate diagnostic for comparison with
the solar cycle, Quasi Biennial Oscillations, EI Nifio phenomena, and other signatures of
global climate changes.

PWV scale height:

The details of the atmospheric transmission model which would estimate the optical depth
at high radio frequencies, like 212 GHz, from PWV measurements, can also be studied.
The use of these models (Otarola et al., 2009; Otarola et al. 2010) generally end with a
lower estimate of the millimeter and submillimeter optical depths compared to
measurements. The reason deserves further study. However, a preliminary analysis
(Figure 4) shows that agreement between PWV measurements and calculated values is
obtained for a value of the PWV scale height of 1.3 km, different of that usually adopted
of 2 km.

2 Y T Y T v T
H~ 1.3 km (CASLEO)

H ~ 1.5 - 1.7 Northern Chile
(Otarola’et al. 2010) J

-—
o
1

PVVV_aeronet
S
1

PWV_H1.3

Figure 4. Comparison between calculated and observed precipitable water vapor.

The results of these study were published in the Journal of Atmospheric and Solar
Terrestrial Physics and were part of the Master and PhD degree of Deysi Cornejo.

Instrumental Development, Installation and Operation

The 7 GHz solar polarimeter reinstallation

The 7 GHz solar polarimeter has been totally upgraded and is operating automatically on
a routine basis since 2017 October at the Mackenzie University (se Figure 5)
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Figure 5. 7 GHz polarimeter operating at Mackenzie University

Solar flare THz photometers on long duration stratospheric balloon
flight (SOLAR-T)

The SOLAR-T (Figure 6) mission composed of a double 3 and 7 THz photometers flew
on a stratospheric balloon over Antarctica together with University of California
Berkeley, SSL, GRIPS experiment.

Figure 6. SOLAR-T experiment

The main result of the 16-days flight was to obtain the quiet Sun brightness temperatures
at 3 and 7 THz, with values of 4800 and 4700 K, respectively.

The quiet Sun brightness temperature spectrum, recompiled from many measurements,
including the SOLAR-T measurements indicates infrared emitting sources located at the
minimum temperature region (see Figure 7).
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Figure 7. Quiet Sun brightness temperature spectrum, including values obtained by SOLAR-T at 3and 7

The overall results of the SOLAR-T experiment demonstrate that 3 and 7 THz
photometers were responding well and were properly calibrated and observed brightness
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temperatures agree well with other independent measures.

Routine observations at 30 THz (10 microns) in Argentina and Brazil

During this project two systems operating at 30 THz (10 microns) were installed in Brazil
(CRAAM, UPM) and Argentina (OAFA, San Juan). Routine observations include few
solar maps when atmospheric conditions allow it, as well as the definition of a dark frame,
automatic calibration procedures against the quiet Sun and against the sky level,
automatic limb finding and adjustment of a solar disk. Figure 8 below shows the

installation in Argentina coupled to the H-alpha telescope HASTA.

Figure 8. 30 THz observing facility installed at OAFA (Argentina), coupled with H-alpha telescope.

Few solar events were observed by both instrumental facilities and will be described later

in this report.
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The project HATS

The High Altitude Terahertz Solar telescope has been delayed for ~ a year. The main
reasons for that: (i) the loss of Pierre Kaufmann, former P1 of the project; (ii) a bad initial
choice for the place of installation at Famatina (5000 masl). .

Reason (ii) was the most serious, with basically no infrastructure at all, and many
interaction problems with local communities.

For this reason, a decision made for a first assembly of the 16 THz version at OAFA
where infrastructure, communications etc .. already exist. Specific infrastructure tasks
were achieved, as a radome for wind protection, concrete base for mount. Table below
gives the principal characteristics of HATS telescope.

16 THz

Equatorial, Paramount ME II

/2, aperture @ 46 cm, rough mirror.

OAFA, 2348 m.s.n.m.

Power, Internet Com., protected

and closed area.

Assisted

HATS is in its subsystem’s integration and assembly at Mackenzie University. Data
acquisition and structure is being developed for final tests, integration and transportation
to OAFA in the 2" semester of 2019. We expect an installation and first light at 16 THz
for the first trimester of 2020.

0 16 15 087 04\ 027

. L
1 10 100 1000
Wavelength [um]

1% Fregiency [Tz (Simdes et al. 2017)

Figure 9. Expected brightness temperature in the submm and MIR/FIR range of frequencies.16 THz
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Scientifically, simulations were done (Figure 9) which show that excesses of about few
tens of percent of the quiet Sun brightness temperature are expected during a solar flare
at this frequency of 16 THz. In Fig. 9 brightness temperature and flux density (for a 5”
source size) are shown and compared with quiet Sun values.

Solar quiescent and flaring emission from GHz to THz frequencies

A new method to estimate submillimeter flux densities during solar
flares

This method is based on the records at 212 and 405 GHz performed by the SST during
solar scans, as shown in Figure 10.

Solar disk (= 327) Solar disk scan

Sky

Antenna beams: 2'at 0.4 THz and 4'at 0.2
§= S@(-Qbeum/g@) == S@(6)beunl/9®)2 SFU

Figure 10. Azimuth solar scan performed by the SST. The quiet Sun level is recorded relative to the Sky
emission level. Flux density scale equation obtained from the full-diak solar flux, the Sun and SST beams
solid angles.

Assuming a total disk flux given in Benz (2009), and by using SST beam shapes it is
possible to provide a uniform flux density scale. The importance of this method is that it
is independent of any temperature calibration or atmospheric attenuation.

The spectral trend of sixteen events were studied using the SST, the 45 and 90 GHz
POEMAS solar polarimeters completed by RSTN and 7 GHz polarimeter data when
available between 2012 and 2016. Among the total of 16 events, 9 presented fluxes
increasing with frequency above 100 GHz. The results suggest that the THz component
might be present throughout, with the minimum turnover frequency increasing as a
function of the energy of the emitting electrons.

These results were part of the PhD degree of Luis Olavo Fernandes, and were published
in 2017 in the journal Solar Physics.
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Solar radius at submillimeter wavelengths and its relation to solar
activity
Solar radius was obtained from daily solar maps at 212 and 405 GHz provided by the SST

for the period between 1999 and 2017. Figure 12 shows the normalized distributions at
212 GHz (left) and 405 GHz (right) of the solar radius.

1 1 1 I 1 = " 1 1 1 I 1 = -
0.175 | | i =R =2960.5 0.175 4 : : i | =—R=09665

I : : | 1 - R=966.2" H : ! | : -+ R =1966.2"
0.150 i i . I = Ruo = 965.0 " 0.150 i ; - I = Ruo = 964.9

1 doghil | (410 9=28" L o R NP
0.125 7 : ! : : ; 13200 maps 0.125 1 | i i : 3423 maps

I I ! " 1 1 I I I 1 I L ] i 1
000+ MR | oa00d |4+ | NNEm | [

20 |.| d Hl Vo420 | L 20 | ‘ ‘ blos20
0.075 1 : ! E : : : I 0.075 i ; | : :

s |4 pEERE AL, | s s+ DERRRRR,. | e
NOCERIET | ||| 11|t A T |||

I 1 | E 1 \ I 1 1 1 1
WEInr | | éHHE\HM 5 ot IS 1111111 LR e
0.000 : 1| : i : | | | | ||‘ | 0.000 I : ‘ 1} 1 H ! } J|||| | .:I

9575 9600 962.5 965.0 967.5 970.0 93'25 975.0 9775 95?5 9600 962.5 965.0 967.5 970.0 9725 975.0 9775
Radius (arcsec) Radius (arcsec)

Figure 12. Radius distribution from all SST maps at 212 GHz (left) and 405 GHz (right).

Almost 17000 maps were performed at submillimeter wavelengths, and radii observed
were 966.5 +/- 2.8 arcsec and 966.5 +/- 2.7 arcsec at 212 and 405 GHz, respectively.
These radii locate the submm emission at an altitude above the photosphere of ~ 2000
km.

Finally, a strong anti-correlation was found for the time variability of the solar radius at
submillimeter wavelengths with the solar activity cycle.

Such results indicate important information for the structure of the lower solar
chromosphere. The obtained radii are similar at both frequencies which suggest that
minimum value should be obtained somewhere in the submm-FIR range.

These results are part of the Master degree of Fabian Menezes, and were published in the
journal Solar Physics.

Center-to-limb variation of solar bursts polarization at millimeter
wavelengths and structure of the millimeter emitting sources

Polarization of radio emission from solar flares provides essential information about
plasma regimes confined in coronal magnetic fields during quiescent, pre-explosive,
sudden energy release and decay phases of solar flares.

Observations of polarization are carried out continuously for the first time at two-
millimeter wavelengths of 6.67 and 3.34 mm (45 and 90 GHz, respectively) by two solar
radio polarimeters named POEMAS operating at ElI Leoncito Observatory, Argentina
Andes. A total of 30 solar events were observed by the radio polarimeters, between 2012
and 2013, and were analyzed.

The degree of polarization was observed to increase and then decrease as the heliocentric
angle increased. We found a weak correlation between burst flux densities and their
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heliocentric angle, i.e. solar bursts with higher flux density slightly tend to occur near the
limb. These results are illustrated in Figure 13.

< 500 stu > 500 stu EE > 1000 stu . nd < 500 stu > 500 stu B > 1000 su . nd

Figure 13. Relation between heliographic coordinates and intensity of solar bursts. Yellow
circles represent peak flux lower than 500 s.f.u, the oranges circles represent peak flux
greater than 500 and lower than 1000 s.f.u, red circles represent peak flux greater than

1000 s.f.u and black circles represent undetected bursts.

To interpret the observational results, a numerical simulation for gyro-synchrotron
emission was performed. We found that the polarization degree behavior of the solar
flares throughout the solar disk presents no correlation with the heliographic angle. On
the other hand, the observed increasing of flux density with the heliocentric angle is
predicted by the numerical simulation.

Polarization measurements are also used to investigate the magnetic field configuration,
and the energy distribution of accelerated particles.

Two solar flares observed by POEMAS at 45 and 90 GHz, complemented by spectral
data at microwaves from 1 - 15 GHz from the Radio Solar Telescope Network (RSTN)
and at high frequencies (212 GHz) by the Solar Submillimeter Telescope (SST) were
studied.

The Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) hard X-ray data
were used to characterize the source morphology. For each flare, we measured the source
flux density at 45 and 90 GHz and the intensity of the polarization degree, that had the
same polarity at both frequencies. The flux and polarization radio spectra were fitted
using a model that simulates gyro synchrotron emission in an inhomogeneous 3D
magnetic field loop structure. The observations were fitted by the model using the Markov
Chain Monte Carlo (MCMC) method. The simulations reproduced the observed degree
of polarization and radio flux spectra for each event yielding the physical parameters of
the loop and flaring sources. The results indicated that the high degree of polarization
during the solar explosion can be explained by two sources located at the foot points of
highly asymmetric magnetic loops whereas low polarization degrees arises from foot
point sources of symmetric magnetic loops. These results are illustrated in Figure 14.
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The event under study is the M2.2 GOES-Class flare on 2011, Feb. 14 at 17:25 UT. Figure
15 shows the time evolution of the M2.2 flare including time profiles at soft X-rays,
submillimeter (212 GHz) waves, microwaves, and hard X-rays. In this plot we also
inclu

The
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Figure 14. Top: (left) The RHESSI HRX 50 to 100 keV intensity (red) contours overlaid on an
AIlA 335 A image during the impulsive phase of the flare. (rigth) The modelled loop resulting
from the fit overlaid on the RHESSI HRX 50 to 100 keV. Bottom: (left) magnetogram of the
region with RHESSI HRX 50 to 100 keV emission (red contours); and (rigth) the polarity of
the modelled magnetic field resulting of the best fit.

of these results were obtained by the PhD students MSc. Ray Hidalgo and MSc.
Douglas Silva. Two papers were submitted to the journal Solar Physics.

millimeter flare emission and the Neupert effect

de the spectral index deduce from the observed points at 15.4 GHz and 212 GHz.

Neupert effect is an empirical relation between the time profile of non-thermal
processes (e.g. hard X-rays) and the time derivative of thermal processes (e.g. soft X-

rays)
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In the present event, we interpret that the 212 GHz emission can be understand as the
thermal component of the Neupert effect. Indeed, we find that the maximum of hard X-
rays above 50 keV coincides with the time derivative of the submillimeter emission. This
is suggested from the examination of Figure 16. The spectral index in the optically thin
regime also indicates that the 212 GHz emission is probably from thermal origin due to
the bremsstrahlung process, in the chromospheric layers at the beginning of the event,
and from the hot thermal coronal plasma later.
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Figure 15. Time profile of the M2.2 flare on 2011, Feb. 14 at 17:25 UT. From top to bottom: (i) GOES
low energy channel; (ii) Fermi GBM 12-25 keV ; (iii) 15.4 — 212 GHz spectral index; (iv) 212 GHz
emission; (v) microwave 15.4 GHz emission; (vi) FERMI GBM 100-300 keV.
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Figure 16. Left: Normalized intensities at 212 GHz (shaded dark gray), 15.4 GHz (shaded light grey) and
100-300 keV (black curve). In the inset, the cross correlation in function of the time lag between 100-300
keV and 15.4 GHz (continuous curve) and between 100-300 keV and 212 GHz (dashed curve). Right:
Normalized count rates at 25-50 keV (shaded light gray), 50-100 keV (magenta curve) and 100-300 keV
(black curve).
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These results are part of the Post-Doc activities of Jorge Fernando Valle. A paper is
submitted in the journal Astronomy & Astrophysics.

The unusual high solar Activity in September 2017

Active Region 12673 produced the most intense event of the solar cycle 24: in a few days
of early September 2017, four X-class and eight M-class flares occurred. SOL2017-09-
06T12:00, a GOES X9.3 flare, that also produced a two-ribbon white-light emission
across the sunspot detected by SDO/HMI, was observed at 212 and 405 GHz with the
arcminute-size beams of the Solar Submillimeter Telescope focal array while making a
solar map. This unique situation is illustrated in Figure 17, showing the solar map scans
performed by the SST at the time of the X9.3 flare (left) as well as the reconstructed 2D
map at 212 GHz (right). For this event it will be possible, in principle, to calibrate the
SST output using directly the Sun temperature at 212 GHz, independently of other
temperature calibration and atmospheric attenuation correction. A preliminary analysis
gives 5900 and 1800 K at 212 and 405 GHz, respectively.
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Figure 17. Left: Consecutive solar scans of the Sun at 212 GHz at the time of the flare occurrence. Right:
2D solar map at 212 GHz from azimuth solar scans. The flare emitting source is observed in the SW
quadrant.

This event was also observed at 30 THz (10 um) using the 17 arcsec diffraction limit IR
camera installed at the Solar Observatory at Mackenzie University. Figure 18 below
shows the overall time profile of the event.

Images at 10 microns revealed that the sunspot gradually increased in brightness while
the event proceeded, reaching a temperature like quiet Sun values. From the images we
derive a lower bound limit of 180-K flare peak excess brightness temperature or 7,000
sfu if we consider a similar size as the white light source. The rising phase of mid-IR and
white light is similar, although the latter decays faster, and the maximum of the mid-IR
and white light emission is ~ 200 s delayed from the 15.4-GHz peak occurrence. The
submillimeter spectrum has a different origin than that of microwaves from 1 to 15 GHz,
although it is not possible to draw a definitive conclusion about its emitting mechanism.

But more importantly is the similarity between WL and 30 THz flare emission time

history as shown in Figure 18, which suggests that the possibility of 30 THz flare emission
being used as proxy for WL emission deserves further investigation.
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These results are part of the Post-Doc activities of Jorge Fernando Valle. A paper has
been published in the journal Space Weather.
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Figure 18. Intensity time profiles at selected wavelengths from GOES, EVE, WL and RSTN

Secondary e and e* during solar flares - HXR/y-ray spectra

Nuclear processes during solar flares can result in the production of pions which decay in
photons of ~ 70 MeV, and electrons and positrons in the same energy range. These
secondary particles can also radiate synchrotron radiation in the coronal plasma
embedded within the solar magnetic field.

For this we use the code FLUKA which considers all nuclear interactions and estimate
the number of secondary particles given the energy distribution of a primary accelerated
proton population. So far, such computation models were exhaustively used although (i)
without considering the transport of these secondary particles, and (ii) neglecting the
production of secondary (knock-on) electrons from direct ionization.
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Figure 19 shows the results of a FLUKA simulations performed within the above
conditions. Two differences compared to earlier results are clearly seen that are discussed
below.
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Figure 19. Secondary particles (electrons, positrons) production during solar flares which shows the
effects of transport and presence of knock-on electrons.

The first difference is the presence of energetic positrons down to energies of about 100
keV. Without transport, the positron number would have decreased by about one order of
magnitude between 10 MeV and 1 MeV. Therefore, these results suggest that synchrotron
emission from positrons may not be negligible as was thought in the past.

The second difference is the presence of an important distribution of secondary electrons
up to at least few MeV. It is due to the production of knock-on electrons produced after
direct ionization of chromospheric or photospheric elements by primary protons. This
distribution has never been considered in the synchrotron calculations during solar flares.
If considered it probably will reduce the requirements in terms of electron number.
Therefore, and as discussed in a previous partial report for the microbunching instability,
the secondary electron distribution may bring new important information to understand
the well-known “electron number problem”, specifically during large solar flares.

The next step in these computations will be to consider an ambient magnetic field, which
can be done by using the GEANT 4 numerical code.

Further progress in a tentative to have a self-consistent modelling of Hard X-ray and y-
ray spectrum were done. The main results are illustrated in Figure 20 which suggests that
FLUKA simulations can provide templates for the full hard X-ray and y-ray spectrum
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including all components as nuclear de-excitation lines, 511 keV annihilation line, the 2.2
MeV capture line, and the photon continuum from pion decay.

In Figure 20 we show that a single spectrum from few hundreds keV up to few hundreds’
MeV can be obtained which adjust satisfactorily well photon fluxes from both RHESSI
and FERMI/LAT/GBM detectors.

ol RHESSI —

Figure 20. Comparison of secondary particles during solar flares which shows the effects of transport.

These findings are part of the PhD degree (in progress) of Jordi Tuneu and of the PhD
degree (completed) of Daneele Tusnski. Three papers are submitted to the journal Solar
Physics.
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